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We have found that an addition of SnO in a bismuth-borate glass, CaO–B2O3–Bi2O3–
Al2O3–TiO2, decreases the optical absorption coefficient in the visible region, in which selective
crystallization of TiO2 was observed after heat treatment. Since selective crystallization of TiO2 was
also attained in the SnO-containing glass, the transparency of TiO2 crystallized glass can be
improved independently of selective crystallization of TiO2. We have also demonstrated that the
rutile-nanocrystallized glass with SnO addition shows a higher photocatalytic activity than the glass
without SnO, indicating that this crystallized glass has a large potential for application as transparent
photocatalytic materials. © 2008 American Institute of Physics.
DOI: 10.1063/1.2903151
Crystallized glass consists of both glassy regions and
crystalline regions, and this hybrid material can show both
glassy and crystalline characteristics below the glass transi-
tion temperature. Conventional crystallized glass, which is
obtained by heat treatment of the precursor glass, is gener-
ally superior to the precursor glass in terms of strength, heat
resistance, and thermal shock resistance. If precipitated crys-
tallites in a glass material show unique physical
properties,1–3 the obtained crystallized glass can also possess
not only merits of glass materials but also unique properties
originating from the crystallites.
Titanium dioxide, TiO2, has attractive characteristics,
such as chemical stability and high refractive index, and it is
used in electronic devices or as a photocatalyst.4 There are,
however, only a few reports on the crystallization from a
glass matrix by a heat treatment.5,6 Although addition of
TiO2 is sometimes used to enhance the nucleation of other
crystals7 due to the role of TiO2 working as a nuclei forming
agent for other crystal phases but not for TiO2 itself, it is
difficult to achieve selective crystallization of TiO2 from a
glass matrix. Moreover, it is also difficult to obtain a trans-
parent glass matrix containing TiO2 crystallites because of a
large difference of refractive index n between the precipi-
tated TiO2 crystallites and the glass matrix. These are the
reasons why the shape of photocatalytic materials containing
TiO2 crystallites has been restricted to either thin film, mi-
croparticles, or an opaque bulk material.
Recently, our group has fabricated a TiO2 crystallized
glass in which about 10 nm TiO2 crystallites were
precipitated.8 The obtained CaO–B2O3–Bi2O3–
Al2O3–TiO2 CaBBAT glass showed a selective crystalliza-
tion of TiO2, and precipitation of no other crystallites was
observed. It is also worth noting that the obtained glass
showed a high transparency despite a large n between rutile
crystallites and glass matrix, approximately 0.8 or larger, be-
cause the size of the precipitated crystallites was much
smaller than the incident light wavelength in the visible re-
gion. The advantage of the glass containing TiO2 crystallites
in bulk form, a slab shape, in particular, is that the initial
catalytic property can be repeatedly recovered by surface
polishing. Moreover, since glass can be easily shaped, com-
plicated shapes of a catalyst possessing a photocatalytic
property are feasible.
However, the photocatalytic property of the CaBBAT
glass was not measured because there was a strong absorp-
tion band in the visible region. Although several authors
have reported that the absorption coefficient is correlated
with the bismuth content,9,10 the detail of the absorption band
remains to be clarified. To understand the absorption band,
we attempted to see how the optical absorption changes with
chemical composition. Since bismuth oxide is an essential
starting material for both a transparent glass and the crystal-
lized glass obtained by heat treatment, we cannot drastically
change the bismuth content. For example, if the amount of
Bi2O3 is decreased, the obtained sample becomes opaque
because of the crystallization of TiO2. Therefore, addition of
a small amount of other elements should be considered. In
this paper, we investigated possible improvement of transpar-
ency in the CaO–B2O3–Bi2O3–Al2O3–TiO2 glass by an ad-
dition of SnO and its effect on the photocatalytic property of
the TiO2 crystallized glass together with the crystalline phase
and the size of TiO2 crystallites.
The SnO-containing CaBBAT precursor glass was pre-
pared using CaCO3 5 mol % , Bi2O3 10 mol % , TiO2
20 mol % , B2O3 65 mol % , and SnO. These starting
chemicals were placed into an alumina crucible that can pro-
vide Al2O3 into the glass melt. The batches were melted at
1350 °C and quenched on a steel plate. The glass sample
having a mirror surface was heat treated in an ambient atmo-
sphere to obtain the corresponding crystallized glass. The
absorption spectra of the samples were measured with a
spectrometer. We used x-ray diffraction XRD to examine
TiO2 crystallites in the glass matrix. The image of the glass
surface was obtained by atomic force microscopy AFM.
Figure 1a shows the photographs of the CaBBAT
glasses a and the SnO-containing CaBBAT glasses b, c,
and d, where the amount of SnO is 0.1 mol % for b,
0.5 mol % for c, and 1.0 mol % for d. The colors of the
samples changed with increasing amount of SnO, and trans-
parent glasses were obtained with SnO contents ranging
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from 0.1 to 1 mol %. On the other hand, precipitation of
SnO2 crystallites was observed in the sample containing
2 mol % of SnO, suggesting a limitation of SnO content.
Figure 1b shows the absorption spectra of the glass a and
the SnO-containing samples b, c, and d. The absorption
coefficient in the visible region drastically decreases with
addition of SnO and saturates with 0.5 mol % of SnO. The
absorption edge of the glass with SnO addition of 1 mol %
shifts to a longer wavelength and the absorption in the vis-
ible region remains nearly the same as that of 0.5 mol % of
SnO, indicating that the addition of 0.5 mol % of SnO can
attain the minimum optical absorption coefficient of the
present glass in the visible region. The transmittance of the
sample a was 10%, whereas that of sample c was about
70%, showing a clear improvement in the transparency. If
the change of valence of the Sn ion, from divalent to tetrava-
lent in a glass melt or glass matrix, is responsible for the
suppression of optical absorption, addition of oxides of mul-
tivalent transition metals is expected to be also effective in
improving the transparency. However, no improvement of
transparency was observed in the CaBBAT glass containing
such metal oxides as CeO2, Cu2O, and Sb2O3 in which the
valences of the metals are changeable. This indicates that the
effect of SnO addition is not a simple redox reaction. Murata
and Mouri attributed the absorption in the visible region to
Bi-radical-like species.9 Since an absorption band depends
on the chemical composition of a bismuth-based glass, a
structural change consisting of several ions should be con-
sidered for clarification of the mechanism. Further discussion
on the absorption coefficient of the glass will be given in a
separate paper.
Figure 2 shows the XRD patterns of the CaBBAT crys-
tallized glass with and without addition of SnO. The heat-
treatment condition was at 630 °C for 3 h, and the amount
of SnO was 0.5 mol %. The diffraction pattern of rutile is
also shown in the same figure for reference.11 The circles in
the figure show the diffraction peaks of rutile. The XRD
pattern indicates that a selective TiO2 nanocrystallization has
occurred independently of the addition of SnO. The average
diameter of TiO2 crystallites in the crystallized glass esti-
mated using the Scherrer equation is about 10 nm, which is
comparable to that of the CaBBAT crystallized glass without
addition of SnO. The addition of SnO in the present study,
therefore, improves the transparency of the CaBBAT glass
without affecting the selective crystallization of TiO2.
We examined the photocatalytic property of the TiO2
crystallized glass with and without addition of SnO by using
a conventional decomposition reaction of methylene blue.
Seven pieces of bulk TiO2 crystallized glasses 1010
1 mm3 were immersed in a 10 M methylene blue solu-
tion, and then, the sample was placed in a dark place for over
18 h to remove the effect of surface adsorption. After the
immersion, the solution was irradiated with UV light of
365 nm wavelength for 120 h.
The reaction rate is generally proportional to the concen-
tration of materials associated with the reaction. The decom-
position rate can be determined using the optical absorption
coefficient before and after irradiation, A0 and A, respec-
tively. Since the optical absorbance is proportional to con-
centration, we can express the decomposition reaction coef-
ficient k of TiO2 as
k = lnA0/At−1S−1, 1
where S is the surface area of the sample 710−4 m−2 and
t is the UV irradiation duration.The decomposition reaction
coefficients k of the TiO2 crystallized glass with SnO and
that without SnO were 3.62 and 0.59 h−1 m−2, respectively.
Therefore, the reaction coefficient of the crystallized glass
with SnO is about six times as large as that of the glass
without SnO. The reaction coefficient usually depends on the
surface area of the sample and on the amount of the precipi-
tated crystallites. However, the AFM images of the surface of
these crystallized glasses show no remarkable difference of
surface state between the glass with SnO and that without
SnO. For example, the root-mean-square roughness of the
surface of the former was 9–16 nm, whereas that of the
FIG. 1. Color a Photographs of the CaBBAT glasses with SnO addition
of a 0, b 0.1, c 0.5, and d 1 mol %. b Absorption spectra of the
CaBBAT glasses with SnO addition of a 0, b 0.1, c 0.5, and d
1 mol %.
FIG. 2. XRD patterns of CaBBAT glasses with 0.5 mol % SnO a and
without SnO b together with rutile TiO2, Ref. 11. The  marks are
assigned to the diffraction peaks of rutile. The glasses were heat treated for
3 h at 630 °C.
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latter was 12–14 nm. Moreover, the diffraction intensities of
TiO2 crystallites in the XRD patterns of the TiO2 crystallized
glass with SnO and that without SnO addition are similar
see Fig. 2. Considering the fact that the present XRD pat-
tern reflects the precipitated crystalline phase located several
microns from the surface, the photocatalytic results indicate
that the addition of SnO to the CaBBAT glass composition
affects the fine nanostructure at the very surface of the TiO2
crystallized glass. Since the nanostructure that is expected to
dominate the photocatalytic property of the matrix is still
unclear, another measurement to analyze the critical structure
at the surface of the TiO2 crystallized glass will clarify this
aspect.
In summary, we have prepared TiO2 nanocrystallized
glass with an improved photocatalytic property using an ad-
dition of SnO. The obtained results show that the SnO addi-
tion enhances both the transparency and the photocatalytic
activity without any derogatory effect on the selective nature
of TiO2 precipitation. Although the underlying mechanisms
for the above mentioned effects remain to be clarified, the
present TiO2 nanocrystallized glass, therefore, will be a
promising transparent photocatalytic material without any
coating process.
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